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Wide Single-Mode Channels and Directional Coupler 
by Two-step Ion-Exchange in Glass 
JACQUES ALBERT AND GAR 
Abstract-A simple model for the characterization of single-mode 
channel waveguides fabricated by a two-step K+-Na+ ion-exchange in 
glass is described. The model is completely determined with data ex- 
clusively for planar waveguide measurements and can be extended to 
other types of exchange or substrates. A directional coupler was de- 
signed, fabricated, and measured to show both the usefulness and ac- 
curacy of the model and also the relaxation of the fabrication toler- 
ances provided by the two-step ion-exchange. 
I. INTRODUCTION 
SSIVE waveguide components in glass have shown 
needing optical circuitry [ 11-[6]. Single-mode polariza- 
tion-preserving devices in particular are needed whenever 
the phase information of the incoming lightwave must be 
conserved upon passage through these devices. Glass pro- 
vides an ideal substrate for such use because of the good 
refractive index match with optical fibers. Furthermore, 
the potassium ion-exchange process in glass yields wave- 
guides with high birefringence, well separated TE and TM 
modes, and small propagation losses (0.5 dB/cm [1]- 
[2] ). Also, this process is very economical for the batch 
fabrication of passive devices with highly reproducible 
characteristics (compared with all-fiber devices made by 
fusion or grinding and polishing for instance). 
In this paper, a new class of single-mode channel op- 
tical waveguides made by a two-step ion exchange in glass 
[4] is described. The purpose of the paper is two-fold. 
Firstly, a model for the waveguiding channel is devel- 
oped. This model is based on available data derived from 
planar waveguide characterizations [7]-[ 101 and pro- 
vides, with the help of the effective index method [11], a 
simple and rapid way to determine fully the dispersion 
characteristics and field profiles of the modes of these 
graded-index channels. Secondly, the model is used in the 
design of two directional coupler structures which have 
been fabricated and measured to show both the accuracy 
of the model and the usefulness of the two-step ion-ex- 
change as a means of controlling the performance of 
waveguiding components fabricated in this manner. 
p" great promise in recent years for various applications 
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One of the advantages of the two-step method is that 
the fabrication tolerances are relaxed because single-mode 
waveguides (and their separation in a directional coupler) 
can be made much wider than with single exchange meth- 
ods. This will also help in reducing coupling losses to 
single-mode fibers by relaxing the alignment tolerances. 
11. TWO-DIMENSIONAL MODELING OF THE INDEX 
PROFILE 
The ion-exchange process in glass is not a classical dif- 
fusion process [ 121. Instead of atoms moving into the sub- 
strate, ions are exchanged between oxide molecules in the 
glass and a suitable source of in-diffusing ions (a molten 
potassium nitrate bath in our case). The exchange must 
be on a one-to-one basis (for ions of equal valence) to 
preserve the charge neutrality of the glass. Also, local 
charge imbalances occur during the process. These two 
effects lead to a concentration-dependent diffusion coef- 
ficient which depends on the self-diffusion coefficients of 
the ions participating in the exchange. 
The equation governing the evolution of the concentra- 
tion of new ions in the glass takes the following form [ 131- 
[14]: 
(1) 
ac a [ D~ a,] + -  a [ ~- D~ ac] 
at ax 1 - ac ax ay 1 - ac ay 
= -  ~-- 
with 
c = q/co 
and 
CY = 1 - Dl/Do 
where c1 and D1 are the concentration and self-diffusion 
coefficient of the incoming ions, Do is the self-diffusion 
coefficient of the outgoing ions, and co is the concentra- 
tion of outgoing ions present in the glass prior to the ex- 
change. Diffusion is restricted to the x-y cross-sectional 
plane of the waveguiding structures and t is the exchange 
time. 
In order to solve (1), the values of the numerical param- 
eters D, or a (or equivalently Do)  must be found. For the 
exchange of potassium (K' ) and sodium (Na+ ) ions in 
soda-lime glass at a temperature of 374"C, it has been 
established that the much smaller Na' ions have a higher 
mobility than the Kf  ions yielding a ratio (Dl / D o )  of 
1/500, which corresponds to a = 0.998 [12]. We are 
going to use this available data even though our working 
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temperature is a little higher at 385°C. The value of D1 
can be calculated from our previous characterization of 
the planar K+-ion exchange in soda-lime glass [9]. In that 
work it was shown that the one-dimensional (1D) profile 
of refractive index change (obtained from mode index 
measurements), and hence of replaced ion concentration 
(assuming proportionality between the two), is well de- 
scribed by the following Gaussian function: 
c ( x )  = C ( O )  exp ( -2 /~ , t )  ( 2 )  
with x being the depth coordinate measured from the sur- 
face of the substrate and D, the “effective diffusion coef- 
ficient” (equal to 10.7 X m2/s for T = 385°C). 
On the other hand, we have also shown [ 151 that an exact 
numerical solution of the 1D equivalent of (1) can be fit- 
ted with good accuracy by a Gaussian function of the 
form: 
(3 )  
with 
U = 1.17. 
Therefore, Dl is obtained by combining (2) and (3) as: 
D I  = D,/4(1.17)2 = 1.95 x 10-l6 m2/s 
(at T = 385°C). 
Finally, suitable boundary and initial conditions must 
be specified to solve (1) unambiguously. The ion-ex- 
change considered here consists of two steps: a first ex- 
change through a finite opening to define guiding channels 
and a second exchange over the whole plane of the sub- 
strate to adjust the lateral waveguiding properties of the 
channels by modifying the effective index of the sur- 
rounding areas (as will be described in the next section). 
Initially c = 0 everywhere. At t = 0, the concentration 
at the surface c( 0, y )  takes a finite, constant value in the 
unmasked areas and remains zero elsewhere. The concen- 
tration at the other boundaries at x and y = 00 remains 
fixed at zero for all times. 
It should be noted that c (0, y ) is not equal to 1 for K+-  
Na’ exchange even though c is normalized with respect 
to co. This is because the exchange of these two ions is 
limited to approximately 90 percent of the full Na+ con- 
tent of the glass [ 121, again probably due to the size dif- 
ference of the ions. The renormalization of (1) to have 
c ( 0 )  = 1 leads to an effective value for a of 0.898 [15]. 
During the second step of exchange the boundaq con- 
dition at x = 0 becomes c ( 0 ,  y)  = 1 for all y. 
Under these conditions, (1) has been solved by an it- 
erative finite-difference numerical method (similar to the 
one used in [ 141) for a variety of diffusion times and mask 
apertures. For the purposes of the present work, however, 
the aperture width was fixed at 10 pm to show the possi- 
bility of single-mode operation with large lateral dimen- 
sions (relative to a wavelength of 0.633 pm) and to per- 
mit the use of conventional photolithographic techniques 
with good reproducibility of the results. Also, this size is 
ideal for single-mode use at the longer wavelengths pre- 
ferred in communication systems (1.3 and 1.55 pm) be- 
cause it becomes compatible with the core dimensions of 
the fibers. Although the experiment was performed at 
0.633 pm for convenience, the device should remain sin- 
gle-moded at 1.3 or 1.55 pm. 
The waveguiding properties of the channels are modi- 
fied by changing the first (masked) exchange time tl  and 
second (planar) exchange time to, but keeping the total 
time equal to 1 hr. Consequently, the center of the chan- 
nel has always the same diffusion depth of 1.96 pm and 
supports a single, well-confined depth mode of each polar- 
ization (TE and TM) [9]. The areas that were masked dur- 
ing tl  will have a depth that depends on to, varying from 
0 to 1.96 pm and allowing for lateral mode control. 
Fig. 1 shows the geometry of the calculation grid and 
the concentration contours resulting from two values of 
t l  . It is interesting to note that the fairly large control over 
the waveguiding properties offered by this two-step 
method is obtained without much increase in the com- 
plexity of the fabrication procedure. The only additional 
step is an immersion of the whole substrate (after removal 
of the mask) in the salt melt, without new high-vacuum 
or photolithography steps. 
111. WAVECUIDING PROPERTIES OF TWO-STEP ION- 
EXCHANGED CHANNELS 
For the waveguides considered here, the difference be- 
tween the surface index n, and the substrate index nb is 
fairly small: 10.8 x 
for TE modes [9]. In the substrate, the strongest index 
gradient occurs in the depth (x) direction. Taking a typ- 
ical depth of 1 pm and A n  of 1 x lop2 we get approxi- 
mately A n / A x  = 1 x lo4 which is much smaller than 
the free-space wavenumber of the light used in the exper- 
iments (He-Ne laser, h = 0.6328 pm, ko = 1 X lo7), 
and the scalar wave approximation can be used [16]. 
Then, the channels will support quasi-TE modes obeying: 
for TM modes and 8.8 X 
E a2EY + ( k i n y x ,  y )  - p 2 ) E y  = 0 (4)  
a x 2  + ay2 
and quasi-TM modes obeying: 
a 2 H y  a2Hy 
ax2  ay 
-+ + ( k i n 2 ( x ,  y)  - p 2 p y  = 0 ( 5 )  
with the assumption that 
and 
n(x, y) = n b  + (n,(TM) - nb) X ~ ( x ,  Y ) ,  
for TM modes. 
Since n 2 ( x ,  y )  # n,2(x) + ns( y) ,  equation (4) (or (5)) 
is not formally separable [17]. Therefore, the full 2D 
problem should be tackled to obtain an exact solution. 
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Fig. 1. (a) Calculation grid, and (b), (c) two examples of concentration 
contours obtained for T = 385°C. Total exchange time kept at 1 h. Width 
D = 10 pn. 
Due to the complicated nature of the index profile, such 
a solution can only be obtained by numerical computa- 
tion. Various methods exist for this task but the compu- 
tational cost is high, rendering them impractical in a de- 
sign situation where various approaches to a given 
problem have to be tried and evaluated quickly. An ele- 
gant way to overcome this problem is provided by the so- 
called “effective index method” [ l l ]  which reduces the 
2D problem to two simpler 1D problems. This method 
involves replacing E Y ( x ,  y )  (or H Y ( x ,  y ) )  by a product 
of two functions in the following manner: 
E’(x, Y )  = F ( x ,  Y )  G ( Y ) .  ( 6 )  
Then (4) becomes: 
Ga2F + Ga2F + Fa2G 2aF aG +--  - - _ _  
ax2 ay2 ay2  ay ay 
+ (k;n2(x,  y )  - p’ )  FG = 0. (7) 
Defining a new function Ned y )  by: 
we get 
Ga’F + Ga2F 2aF aG +- -  - -  
ax2 ay2 ay ay 
+ ( G n 2 ( x ,  Y )  - k;N:f f<Y))  FG = 0 (9) 
which can be reduced to a 1D problem in x for F ( x ,  y )  
(with y as a parameter) by assuming that most of the vari- 
ation in y is taken up by G (  y )  and that the second and 
third terms are negligible. This approximation will be ver- 
ified later after we have calculated F ( x ,  y o )  for different 
values of yo. Then, (9) becomes 
Equation (10) can be solved using any of the many 
methods available to solve planar graded-index wave- 
guide problems [ 181-[20]. The local effective index 
Ne#( y )  (along with F ( x ,  y ) )  is then found for all the val- 
ues of y and substituted in (8) (also a 1D waveguide prob- 
lem) to give G (  y )  and the propagation constant 0. 
This fairly detailed description of the well known ef- 
fective index method was made to emphasize its appro- 
priateness in the case discussed here. First, as in the case 
of strip-loaded planar guides [2 11, the effective index NeR 
is unambiguously defined at all lateral points y because of 
the shallower planar guide surrounding the channel. Sec- 
ond, it will be shown shortly that even for fairly large t ,  
(i.e., planar guide much shallower than the channel), the 
variation of F ( x ,  y )  with y is truly negligible, making the 
method almost approximation-free. 
Since n ( x ,  y )  represents a graded-index profile, Ne,  ( y )  
is a continuous function of y and we should solve (10) at 
an infinite number of points to describe it completely for 
use in (8). This is of course impossible and instead we 
will derive an analytical model for N,&y) valid for a 
practical range of values of t l .  This model allows for the 
solution of waveguiding structures defined by any com- 
bination of apertures in y for any set of fabrication con- 
ditions, thereby easing the design process considerably. 
The depth characteristics of the model will be derived 
only once so it is worthwhile to use an exact numerical 
method, even if fairly lengthy, to solve (10). The method 
chosen is the Rayleigh-Ritz variational procedure with 
Hermite-Gaussian basis functions [22]-[23]. The eigen- 
values (NeR ( y ) )  of (10) are obtained by finding the field 
“ ( x )  (expressed as a linear combination of basis func- 
tions): 
M 
* ( x )  = c cia;(.) 
; = I  
which maximizes the functional: 
J - m  
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This leads to a matrix eigenvalue problem of dimension 
M, the number of basis functions used. Since accuracy 
improves with increasing M ,  we made several runs and 
established that Nefi is correct to one part in lo5 for M = 
21. Now, n ( x ,  y) as described in Section I1 is only de- 
fined on a discrete grid in the x, y plane. Therefore, (10) 
was solved along x for each y-grid value and the integrals 
involving n (x, y)  in ( 1  1) were computed numerically by 
interpolation between the x-grid values. This calculation 
was made for 6 values of r l  (keeping the total time to 1 
hr) for each polarization (TE and TM). Then the sets of 
values of Ne#( y )  obtained in each case were fitted (by a 
least-squares method) with the following function which 
represents the exact solution of a classical (Fickian) dif- 
fusion process (and which turns out to be a pretty good 
approximation of this more complicated case) : 
(W) - “) 
2 N d Y )  = N ( 4  + 
where 
H fitting parameter, 
N (  0) effective index of a planar guide exchanged for 
1 h (corresponds to NeR( y = 0) ), 
N (  00 ) effective index of a planar guide exchanged for 
time to (i.e. , Nen( y), away from the edge of 
the mask), 
D 
The results for H are summarized in Table I. These H 
values were found by a purely statistical method but it is 
interesting to compare them with a value derived from a 
physical argument. As was already noted, (12) is the ex- 
act solution of a classical 1D diffusion process in which a 
finite quantity of material diffuses symmetrically from an 
initial constant concentration layer of width D [24]. In 
that case, the value of H is determined from an effective 
diffusion coefficient in the same manner as in formula (2) 
by : 
width of the aperture in the mask. 
H = * .  
Now, glass is an isotropic material and the diffusion 
characteristics should be independent of direction. There- 
fore, we should be able to take Dy = De. For the duration 
of the side diffusion to be used in (13), we will take to 
since the presence of a metallic mask inhibits the ex- 
change of ions near the surface of the substrate during t ,  . 
This becomes a poorer estimate when t ,  becomes large 
because then the exchange has reached greater depths 
where side diffusion can occur. 
Theoretical estimates have been calculated for H by 
using (13) and values of De from [9]. The results, pre- 
sented in Table I, show an excellent agreement with the 
fitted values. It may be useful to remark at this point that 
this model for single-mode channel waveguides made by 
00 
Fig. 2. Depth dependence of the field profile at the center ( y = 0 )  and in 
the planar section of the waveguide (at y = 70 p m ) .  1,  = 30 min. 
two-step ion-exchange is completely determined from 
measurements on planar waveguides ( i.e., N ( O ) ,  N (  00 ), 
and D,) and, therefore, may be applied to all types of 
exchange for which such planar waveguide studies are 
available [7]- [  101. 
Also, Fig. 2 presents F(x,  0)  along with F(x ,  0 0 )  for 
the fairly extreme case of t ,  = to = 0.5 h. We can see 
that indeed dF/dy is very small and will be even smaller 
for lower values of t ,  where the waveguides support only 
one lateral mode (as we will see later). Using these re- 
sults, along with (12), in (8) allows for the calculation of 
the dispersion curves, which can be plotted in normalized 
form with: 
(14) 
The method used to generate the 0 values from (8) is 
of the variational type but with a single trial function as 
described by Sharma et al. [25]. The choice of this method 
is motivated by its ease of use, involving a single root- 
search, and also because it was found to be very accurate 
in the range of validity of our model. The method uses a 
Gaussian trial function for G( y): 
with a single adjustable parameter U, which is found by 
maximizing a functional similar to (1  1 ) .  The appropriate- 
ness of this form of trial function can be justified by the 
fact that a Rayleigh-Ritz procedure was also tried for 
comparison purposes and that the desired accuracy was 
already reached with a single trial function ( M  = 1 ) :  the 
fundamental Hermite-Gaussian, which turns out to be a 
pure Gaussian. We also tried the WKB dispersion relation 
with two turning points and found reasonable, although 
less accurate, agreement. This is seen in Fig. 3 which 
shows these dispersion curves with N ( 0 )  = 1.51548 for 
TE modes and N (  0) = 1.5 1644 for TM modes (with nb 
= 1.513). It is seen that the channels support a single 
mode of each polarization when V is less than 3.5, cor- 
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~ 
H ( T E )  H(TM) 
t l  F i t  Eq.(13) F i t  E q .  (13) 
( m i n )  (rm) ( p m )  ( p m )  (pm) 
4 1.77 1.91 1.89 
6 1.80 1.87 1.86 1.85 
9 1.80 1.82 1.69 1.80 
12 1.79 1.77 1.74 1.75 
17 1.72 1.67 1.73 1.65 
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I I I I 
I I I I 
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Fig. 3. (a), (b) Normalized dispersion curves for channel waveguides with 
D = 10 pm and fabricated at T = 385°C. Solid line obtained with the 
variational method of [25] and dashed line by the WKB method. The 
model fit (equation (12)) for Nef has been used in both cases with the 
average values of H. 
responding to t ,  less than 10 min, keeping all other pa- 
rameters fixed. 
Without much loss in accuracy the usefulness of the 
model can be improved further by the use of a single value 
for H in the well-guided single-mode range, taken to be 
the average of the values found for t l  = 6 to 12 min. With 
this modification, Fig. 4 shows the exact Ne, along with 
the model fit for a few values of tl . The difference in p / k o  
resulting from using the average H instead of the exact 
one (from either the fit or formula (13)) amounted to much 
less than one part in lo5. 
IV. DIRECTIONAL COUPLER DESIGN 
The approach taken to analyze the directional coupler 
(DC) will be to calculate the normal modes of the struc- 
ture consisting of two parallel channels [26]. Then, by 
projecting the optical field coming in from one branch onto 
the symmetric and antisymmetric modes of the coupler, 
the output characteristics will be obtained by propagating 
the two modes thus launched with their respective prop- 
agation constants down the length of the coupling region. 
The interference between the modes causes the power to 
oscillate between the two channels until their separation 
increases again to a value for which there is no more cou- 
pling. The power in each channel remains constant from 
that point on and can be calculated. 
The normal modes of the DC are found by solving (8) 
with the following index profile (with N (  y)  defined by 
(12)): 
Neff(Y) = N ( Y  + W/2) + N(Y - w/2) - N(4 
( 16) 
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Fig. 4. Local effective indices ( x  and 0) along with model fit (equation 
(12), solid lines), using the average fitting parameter H .  
and trial function [25]: 
G A Y )  = exp ( - . A Y  + W W 2 )  
0 0 
+ s exp ( - U e (  y - W/2)') (17) 
with s = +1  for the even mode (with oe) ,  s = -1 for 
the odd mode (with oo) ,  and W the center to center spac- 
ing between the channels. 
Examples of the modes thus obtained are shown in Fig. 
5 (where the polarization labeling refers to the plane of 
the substrate). As will be seen below, the parameter of 
importance is 
0 
AP = P e  - P o  (18) 
the difference between the propagation constants of the 
even and odd modes. This quantity is plotted in Fig. 6 for 
various values of the separation distance W .  In this type 
of analysis, it is the interference between the even and 
odd modes that produces a periodic power transfer be- 
tween the channels. Therefore, the problem is reduced to 
finding out the total relative phase shift accumulated along 
the length of the DC and the relative amplitudes of the 
two modes at the start of the coupling region. At z = 0, 
we have the initial condition 
Q ( Y ,  z = 0) = A e G c ( y )  + A o G o ( y )  (19) 
and, further down at any point z ,  the modes will have 
propagated independently and the field becomes 
* ( Y ,  Z )  = A e G e ( y )  ~ X P  ( - j & z )  
+ A o G o ( Y )  exp ( - j P o z ) .  (20) 
(21) 
R = A O / A e .  (22) 
In terms of amplitude, (20) can be rewritten as 
( * ( Y ?  z ) )  = A , I G e ( Y )  + RGo(Y)  exp ( + j A b z ) )  
with 
In a real device, the separation distance W must be var- 
ied to permit a narrow (a few micrometers) coupling sec- 
tion connected to widely separated input-output sections 
to facilitate butt coupling to adjacent waveguides (such 
1.516 
1.515 
I I 
-12.5 0.0 12.5 
width (pml 
(a) 
1.516 
1.515 
I I 
-12.5 0.0 12.5 
width (pm) 
(b) 
Fig. 5 .  Two examples of the normal lateral modes of the parallel direc- 
tional coupler with W = 16 pm. (a) Fundamental TM modes, t ,  = 17 
min. (b) Fundamental TE modes, t ,  = 5 min. 
as optical fibers with an outer diameter of more than 100 
pm). Thus, W is a function of z which implies that Ab is 
also a function of z .  The accumulated phase difference 
becomes [27] : 
Lo 
0 
A+(&) = A P ( z )  dz .  (23) 
The functional dependence of A b  on z is found by using 
the relationship between W and z and by fitting straight 
lines (again by a least-squares procedure) to the data pre- 
sented in Fig. 6 for loglo ( A P / k o )  versus W. The results 
of these fits is given in Table I1 in the following form: 
A p / k o  = A exp (-mW). 
It is to be noted that this approach to the DC problem with 
variable spacing neglects both phase-front curvature and 
radiation loss due to the nonuniformity in the axial direc- 
tion (see, for example, [28]). However, the actual designs 
will have bending angles of less than 0.5", which should 
minimize these deleterious effects. Fig. 7 shows the two 
designs that will be used in this study. In both cases, light 
is launched as a single mode of channel a and the cross- 
power transfer is defined as: 
17 = Pb/(P,  + P b )  (24) 
where P, and Pb are the powers measured at the outputs 
of channels a and b.  A theoretical estimate of 17 is ob- 
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Fig. 7. Actual designs of the couplers with main dimensions included but 
not drawn to scale. 
and tained by solving (21) along with (23) for each design 
chosen. The points z = 0 and z = Lo are chosen suffi- ( G, I G,) 4 G J - s  
(Gal Ge) m' ciently far from the closely spaced section to ensure that R =  no coupling is possible (here they are fixed at W > 46 
pm). For design 2 of course, z = 0 at the beginning of 
After a lengthy but straightforward calculation we get 
branch b. For large W ,  the even and odd modes are exact 
superpositions of the individual modes of the two chan- 
nels since they are no longer coupled: 
Ge(Y) = G ~ ( Y )  5 G ( Y )  (25 1 
0 
and the normalized power in each channel is given by the 
projection of the incident field ?II ( y ,  Lo)  on the individual 
mode field of that channel Gi( y ) :  
with the definition: 
+a- 
( f l d  = s -a f ( Y ) d Y ) d Y .  
Using (20) and (25) in (26), we get: 
7 = 1/2 - ( R / ( l  + R 2 ) )  COS ( A a ( L 0 ) ) .  (27) 
We see that complete transfer is only possible when R 
= 1 ,  i.e., for equal excitation of the even and odd mode 
at z = 0. Because of (25), this condition is fulfilled for 
design 1 when the incident field is G, or Gb. For design 
2, it is necessary to calculate the projection of the incident 
field G, ( y )  on each normal mode of the DC to get A ,  and 
A,  (and R )  because the channels are strongly coupled at 
that point. The calculation is as follows: 
( G, I Ge) 
J( Gal G,) ( G I G , )  ' 
A ,  = 
where uc, U,, and U, refer to the parameters of the channel, 
even, and odd modes found in the variational procedure 
of Section I11 for the given values of t l  and W. 
V. ACTUAL MASK DESIGN 
The central parallel coupling region was chosen to be 
L = 10 mm for both designs, with a center to center spac- 
ing WO of 16 pm. These conditions correspond to approx- 
imately one coupling length for the parallel section at the 
values o f t ,  of interest. The angles of the discrete bends 
were limited to be less than 0.5" to minimize in-plane 
scattering (even at tl = 9 min the difference in effective 
indices between the center of the channel and its sur- 
roundings is only 3.9 X lop4 for TE and 4.6 X lop4 for 
TM). In both designs the variation of W with z is linear 
of the form: 
W ( z ' )  = W, + pz '  (29) 
with z '  measured from the start of the transition. The first 
tapering section on each side of the parallel section brings 
W from 16 to 46 pm over a length l1 = 1.75 mm for 
design 1. For design 2, branch a does not bend. The rel- 
ative angle between the branches is thus reduced by half 
and the tapered length Z2 to reach the same final separation 
of W = 46 pm is 3.5 mm. These choices were made so 
that both designs would have the same transfer character- 
istics as will be seen below. After the first tapering sec- 
tions, successive bends bring the final value of W to 300 
pm for design 1 and to 200 pm for design 2 in a total 
length of 40 mm. 
While design 1 is in principle preferable because of the 
total symmetry of operation from any of the four ports and 
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Center section length L In) 
Fig. 8 .  Power transfer from the input branch to the other one as a function 
of the central (parallel) section length L,  for two values of t , .  
36.1 
TE 
m 
pm-l 
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TABLE I1 
DESIGN DATA 
TM 
R 
.83 
.88 
.95 
.97 
.99 
A4 
( r a d )  
4.06 
3.88 
3.08 
2.36 
1.44 
- 
AX10‘ 
7.81 
13.9 
40.8 
95.8 
190. 
- 
m 
rm- 1 
.19 
.23 
.32 
.39 
.47 
- 
( rad)  
also because a total transfer is possible ( R  = l ) ,  we will 
see that problems do arise because of the multiple bends 
Similarly 
and the inherent weak guidance of the channels- resulting 
from the two-step ion-exchange. Design 2 was prepared 
and included on the same mask to see if a similar structure 
with fewer bends would perform better. In that case the 
scattering from branch a is kept to a strict minimum by 
making it a straight channel. No input section is included 
with branch b because the scattering problems mentioned 
above are thought to affect r]  primarily from the input sec- 
tion bends. 
Now equipped with the full design, we can calculate R 
and A+: 
A+l = koA exp (-rnW(z’))(  -&’) + AB( W0)L I 
P 12 
with 
p1 = (46 - 16) pm/1.75 mm = 17.14 pm/mm 
p 2  = (46 - 16) pm/3.50 mm = p 1 / 2  
so that AG1 = Aa2 are functions of Ap(  16 pm) and of rn 
only. Typical results are shown in Table I1 along with the 
values of R calculated from (28). Equation (27) can now 
be solved for various experimental conditions. Fig. 8 
shows the result of such calculations, where r](TE) is 
plotted against the length of the center section L for two 
values of tl , keeping all other variables fixed (including 
WO and the shape of the transition sections). This shows 
the fairly wide range of cross-power transfers that the two- 
step ion-exchange allows with a single fabrication mask, 
i.e., for a given length L (for example r]  can go from 60 
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to 95 percent for L = 1 1 .5  mm in the single-mode range 
of the channels ). 
VI. FABRICATION A D MEASUREMENT 
The substrates used in the experiments are ordinary 
soda-lime microscope slides (available from Fisher Sci- 
entific Co.). We have made an extensive characterization 
of the planar waveguides fabricated in these substrates by 
ion-exchange in a molten potassium nitrate ( KN03) bath, 
and they were found to yield waveguides with good and 
reproducible characteristics [9]. The fabrication proce- 
dures for two-step ion-exchange are outlined in Fig. 9. 
After cleaning, a layer of aluminium ( Al) is deposited by 
vacuum evaporation. Then a photoresist layer is applied 
and exposed through a suitable mask to define the chan- 
nels. After the development of the resist, the A1 is re- 
moved from the exposed areas by liquid etching, leaving 
clear channels in the Al-covered substrate. This structure 
is dipped in the molten KN03 bath maintained at 385°C 
in a thermocouple-controlled furnace. After an exchange 
time t , ,  the substrate is cleaned, the remaining A1 re- 
moved, and the second exchange is performed for time to, 
until t ,  + to = 1 h. 
Coupling of the light in and out of the waveguide is 
achieved through flint glass prism-couplers on a precision 
goniometer. Since the rn-lines of adjacent channels would 
overlap, the near-field of light tunneling through the base 
of the prism is observed with a microscope and projected 
onto a screen, as shown in Fig. 10. The horizontal exten- 
sion of the light spots on the screen is due to the fact that 
light escapes gradually from the channels into the prisms. 
The vertical extension of the spots represents the lateral 
mode profile of the channels. Actual measurements were 
performed by scanning a large area photodetector par- 
tially obstructed by a narrow long slit vertically across the 
output pattern. Because of the slit, the detector integrates 
horizontally all the light coming out of the channels as a 
function of y-pqition (vertical in the figure). Typical re- 
sults are shown in Figs. 11 and 12. This configuration 
allows for the visualization of the in-plane scattering, also 
output by the prism. 
Numerically, the measured 17 are obtained from the 
traces by using the peak amplitudes. This assumes that 
the fields of the two channels have the same shape (i.e., 
a Gaussian with the same width) since they result from 
exactly the same fabrication. This means that the power 
in each channel is given by the amplitude of the trace (the 
detector is a POWER meter) multiplied by a factor which 
is the same for both channels and cancels out in (24). 
VII. RESULTS AND DISCUSSIONS 
The experiments were camed out using the mask de- 
scribed in Section V for various values of t l .  For design 
1 ,  four measurements of 17 are possible, corresponding to 
input from the two branches in both polarizations. Theo- 
retically, since the device is symmetric, the results should 
be independent of which branch is chosen as the input, 
even when scattering and absorption losses are consid- 
FIgRICATIDN STEPS 
-Cleaning 
-A1 deposition 
-0evelopwnt of  photoresist 
-Liquid etching of A1 otoresist  
-1on-exchanga 
I 
-AI r e m v a l  
-1ontxchanga 
Fig. 9. Diagram of fabrication procedure. 
LATERAL MODE POWER MEASUREMENT 
Substrate 
Fig. 10. Diagram of measurement procedure. The detector and photo- 
graphic camera can be used interchangeably 
Fig. 11. Typical lateral output profile for design 1 showing in-plane scat- 
tering as peaks of intensity outside of the two channels. ( t ,  = 7.5  min. ) 
ered. This was not found to be the case as shown in Table 
111. It is believed that this problem arises because of dif- 
ferences in the launching conditions from the two 
branches. The input coupling being nonperfect, some of 
the light not coupled into the channel propagates in the 
surrounding planar guide and can be captured by the 
waveguiding structure further down at one of the various 
discontinuities in the pattern. Since it is impossible to 
ALBERT AND YIP: SINGLE-MODE CHANNELS AND DIRECTIONAL COUPLER BY ION-EXCHANGE 
t l  
11' 
6' 
5' 
7.5' 
561 
TE 
Exp. 
input a b 
.4s .48 
.59 .59 
.45 .43 
.59 .44 
Fig. 12. Typical lateral output profiles for design 2 showing a well con- 
fined mode structure. (a) 1, = 7.5  rnin, q = 93 percent. (b) t ,  = 9 min, 
q = 88 percent. (c) r ,  = 13 rnin, q = 58 percent. (d) tl = 13 rnin, q = 
99 percent. For (c) and (d), when r ,  = 13 min, different outputs result 
from different input conditions (see text). 
TM 
TABLE 111 
CROSS-POWER EFFICIENCY VERSUS INPUT CONDITION RESULTS FOR FOUR- 
sample 
PORT SYMMETRICAL DEVICES 
couple into each branch exactly identically, this effect oc- 
curs in a quasi-random manner and independently for P ,  
and Pb, completely spoiling the measured value of 7. To 
support this explanation, the traces corresponding to de- 
sign l showed generally more scattering as indicated in 
Fig. 11. As was said earlier, design 2 was chosen to al- 
leviate this problem by minimizing the number of bends 
of the whole structure and eliminating them completely 
from the input section. 
A few traces of the results obtained with design 2, 
showing much less scattering, and nice Gaussian-like lat- 
eral modes, are presented in Fig. 12. 
With this design, the validity of the model for the chan- 
Eq.(27) 
a o r  b 
.92 
.88 
.80 
.97 
nels can be verified with more confidence and a compar- 
ison between theoretical and experimental values of 7 is 
made in Fig. 13 as a function of tl for TM modes. The 
agreement is remarkable when one remembers that the 
theoretical curve is determined with data for planar ion- 
exchange measurements exclusively. In particular, the 
position of the peak efficiency is very accurate. 
The drop in the experimental efficiency for t ,  below 9 
minutes is believed to arise from a loss of confinement at 
the bends when A Ne,  becomes smaller than some thresh- 
old value (in fact, for t ,  = 5 min, AN, ,  = 2.4 X lop4 
for both TE and TM and even at 0.5" the bend angles 
may be too large). This confinement problem indicates 
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Fig. 13. Power transfer efficiency q as a function of I , .  Solid line was 
calculated from (27) for TM modes and the dots (joined by the dashed 
line) represent the experimental measurements. 
that structures made with the two-step ion-exchange 
method should be designed to operate as close as possible 
to the second mode cut-off to reduce the scattering losses 
by increasing the normalized frequency I/. 
For t ,  > 10 min the channels are no longer single mode 
and the measured efficiencies depend somewhat on the 
launching conditions, i.e., on which modes are excited at 
the start. The theoretical curve of Fig. 13 drops at high 
values o f t ,  because it is based on coupling of the funda- 
mental mode of the channels which become more tightly 
confined as I, increases. Experimentally, however, values 
of transfer approaching 100 percent could be achieved at 
r, = 13 and 17 min (see Fig. 12) by varying the angle of 
incidence and width of the laser beam incident on the in- 
put prism-coupler. 
Therefore, one should design a structure which, for a 
given desired value of 7, would operate as close as pos- 
sible to the second mode cutoff by adjusting t l  accord- 
ingly. The design procedure itself is very simple and can 
be summarized as follows: 1) from a desired value of 17 
compute A+ from (27), 2) choose the right combination 
of L ,  WO, and p from (31) or (32) while using the m and 
Ab values corresponding to the preferred t ,  as shown in 
Table 11. 
VIII. CONCLUSION 
A simple analytical model for channel waveguides fab- 
ricated by a two-step ion-exchange process in glass based 
exclusively on experimental data for planar ion-exchange 
characteristics was presented. This model is believed to 
be applicable regardless of the ion-exchange species and 
of the substrates used provided that suitable adjustments 
are made to account for the different material properties. 
The validity of the model was tested by applying it to 
a case of evanescent coupling between two parallel chan- 
nels followed by nonparallel transition sections. Excellent 
agreement was found within certain limits of applicabil- 
ity. 
The novelty of this approach rests in the use of the ef- 
fective diffusion coefficients and amroximate fitting func- 
tions which reduce the solutions of the nonlinear diffusion 
equations of ion-exchange to the more familiar results of 
classical diffusion theory. Once this simplification is 
achieved, and with the help of the effective index method, 
the waveguiding properties of the channels can be ob- 
tained quickly and easily. 
Finally, the process of two-step ion-exchange itself was 
shown to be a useful method to fabricate passive wave- 
guide components in glass. This is because a given design 
(always subject to some inaccuracies due to approxima- 
tions in the design formulas or to uncertainties in the fab- 
rication parameters) can be fine-tuned to the desired per- 
formance simply by adjusting the durations of the two 
exchanges involved without any additional fabrication 
steps. Also, single-mode waveguides of fairly wide di- 
mensions (dimensionless width koD = 100) can be fab- 
ricated with this method by controlling the effective index 
of the planar waveguide which acts as a cladding for the 
graded-index channel. This easy control of the lateral 
waveguiding and confinement properties might prove use- 
ful in devices where interactions take place by perturba- 
tions of the evanescent fields which propagate outside of 
the core of the waveguides such as sensor systems and 
waveguides with nonlinear claddings or substrates. 
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